Described in this review is a general and efficient strategy for the synthesis of macroline-related sarpagine and ajmaline alkaloids. The tetracyclic ketone in the parent system, as well as the alkoxy substituted series served as templates for the synthesis of these complex molecules. The palladium-mediated enolate cross coupling process, regiospecific hydroboration, and Tollens reaction are some of the key transformations that have been employed for further functionalization of these templates. Synthetic routes that have been improved, in order to obtain gram quantities of these alkaloids form a part of this review.
Introduction
Alkaloids are an important group of diversely distributed, chemically, biologically and commercially significant natural products. Many alkaloids have been used for hundreds of years in medicine, and some are still drugs of importance today [2, 3] . Indole (tryptophan-derived) alkaloids, which are found in higher plants and microorganisms, are the largest group in this class with about one quarter of known alkaloids isolated principally from three plant families: Apocynaceae, Rubiaceae and Loganiaceae. Many indole alkaloids are biologically active and some are extremely useful therapeutic agents as mentioned above. However, a vast majority of the alkaloids have been poorly evaluated in regard to biological activity, due to the paucity of material available for testing purposes [2] [3] [4] .
Interest in the alkaloids of the family Apocynaceae with respect to the genera Alstonia originated as a result of folk tales describing the medicinal properties of these plants [5, 6] . As early as 1958 [7] , and later in 1967 [8] the bisindole macralstonine 1a, which had been isolated from Alstonia macrophylla Wall and Alstonia muelleriana Domin, was shown to exhibit potent hypotensive activity.
Nine alkaloids from Alstonia angustifolia were tested by Wright et al. for antiprotozoal activity against Entamoeba histolytica and Plasmodium falciparum in vitro [9] . Three dimeric alkaloids, (-)-macrocarpamine 2a, macralstonine O-acetate 1b, and (+)-villalstonine 3a (Figure 1 ) were found to possess significant activity against both protozoa. Macrocarpamine 2a was found to be the most active antiamoebic compound with an antiamoebic activity one fourth of the standard drug emetine. Villalstonine 3a was found to be the most potent alkaloid against P. falciparum, and was about 15 times less active than the antimalarial drug chloroquine. The acetate of macralstonine 1b was much more active against both protozoa when compared with the parent macralstonine 1a. The monomeric alkaloids were found to be considerably less active than the bisindoles. These results were in agreement with the studies carried out later by Houghton et al. [10] . The results of these in vitro studies provide some basis for the traditional use of the plant extract from Alstonia angustifolia for the treatment of amoebic dysentery and malaria by the people of the Malay peninsula [11] .
In 1986, Feng et al. compared the effects of spegatrine 4a and dispegatrine 4b on α−adrenoreceptors using radioligand binding experiments and bioassays. Their results indicated that the effect of the dimer 4b on both α 1 − and α 2 -adrenoreceptors was more potent than that of the monomer [12] .
Much of the early isolation and structural work on the Alstonia alkaloids was performed in the laboratories of Elderfield [13] and Schmid [14] and was followed by the biomimetic interconversions of LeQuesne et al. [15] [16] [17] [18] . During the structure determination of Alstonia bisindole alkaloids by Schmid et al. [14] macroline 5a was obtained as a degradation product from villalstonine 3a. To date, macroline has not been isolated as a natural product but it is believed to be a biomimetic precursor to many Alstonia alkaloids [15] [16] [17] [18] .
The term "macroline-related" will be employed herein to define this group of alkaloids. The number of macroline-related alkaloids which have been isolated has increased rapidly. At this time, the group contains more than 150 alkaloids, of which over a 100 are monomeric indoles. The remainder belongs to the bisindole class of alkaloids [19, 20] .
The sarpagine group of alkaloids (represented by 6) is the largest class of natural products related to the macroline bases, and both series originate from common biogenetic intermediates. Illustrated in Figure 2a are the basic macroline and sarpagine skeletons. The biogenetic numbering of LeMen and Taylor [21] is used throughout this review. Note the four stereocenters at C(3), C(5), C (15) and C(16) in macroline. The β-hydrogen atom at C(15) of this group, as well as the chiral centers at C(3), C(5) and C(16) are the same for the sarpagine series.
The two classes can be related in a synthetic sense by a Michael addition of the nitrogen atom of N(4) of macroline 5a to the α, β−unsaturated carbonyl system at C (21) , or by direct 1, 2 addition of N(4) to the ketone at C(19), as illustrated in Figure 2b Figure 4 ).
The macroline/sarpagine alkaloids bear important structural similarities to the ajmaline alkaloids, the latter of which are well known for their biological activity [22] . Ajmaline 7, is a clinically important indole alkaloid with historical significance [23] . Both these bases are structurally related by the presence of the quinuclidine ring and the C(5)-C(16) bond linkage. The absolute configurations of the stereogenic centers at C(3), C(5) and C(15) of both series are identical, except at C(16) which is antipodal to the sarpagine series. The biogenetic connection between the sarpagine and ajmaline alkaloids proposed earlier [24, 25] The macroline/sarpagine and ajmaline alkaloids have been reviewed extensively by Hamaker et al. [20] , Lounasmma et al. [19] and more recently by Lewis [27] . This review focuses on a general approach to the total synthesis of these alkaloids based on the structural relationships they share. Various synthetic routes which have been planned and improved continually in order to provide gram quantities of these alkaloids, form the basis of this review.
Total synthesis
Analysis of the structures of the alkaloids described above, indicates the presence of a basic tetracyclic system (rings A,B,C and D) as a common structural feature. A general approach to the synthesis of these macroline-related alkaloids should involve enantiospecific synthesis of this core structure with the correct configurations at stereocenters C(3), and C (5) and the appropriate functional groups at C(15)/C(16) for further transformations. The (6S,10S)-(-)-5methyl-9-oxo-12-benzyl-6,7,8,9,10,11-hexahydro-6,10-imino-5H-cyclooct [b] indole 12 was synthesized in 1988, with these goals in mind [28] , while the racemic compound had been prepared on kilogram scale in the late 1970's [29] .
In the synthesis of the optically active tetracyclic ketone 12, the Pictet-Spengler reaction [30] was employed to set the stereochemistry at C(3) and C (5) of the tetrahydro β−carboline ring system in a stereospecific fashion. Consequently 12 could be obtained enantiospecifically in seven steps, (47% overall yield) on a multihundred gram scale starting with the commercially available D-(+)-tryptophan. In addition, D-(+)-tryptophan and L-(-)-tryptophan are available, permitting entry into both antipodes of the natural products for biological screening. This synthetic route has been described in detail in earlier reviews [20] and will not be discussed here.
The first total synthesis of (±)-suaveoline was reported by Trudell in 1989 [31] and has been reviewed earlier in detail [20] . The synthetic strategy for the construction of the basic carbon skeleton of the alkaloid employed three intramolecular reactions, the Pictet-Spengler reaction, the Dieckmann condensation, and an orthoester Claisen rearrangement. Suaveoline 13a and N b -methylsuaveoline 13b are unique because rings A-D are identical to those in macroline; however, ring E in this series is comprised of a pyridine moiety devoid of stereo-chemistry at C (15) and C(16), as illustrated in Figure 3 . The chemistry developed during the synthesis of (±)-suaveoline suggested an approach to the macroline framework.
Enantiospecific synthesis of macroline-related indole alkaloids via the N a -methyl tetracyclic ketone template
In 1990, Zhang reported the total synthesis of (-)-alstonerine 14. The synthesis represented the first enantiospecific, stereospecific entry into the macroline-related indole alkaloids. The stereochemistry at C(15) and C(16) was successfully installed by a stereoselective Claisen rearrangement, followed by a stereospecific hydroboration-oxidation sequence, of the exocyclic methylene function at C(16) [32,33b] .
This approach was extended to the total synthesis of macroline 5a by Bi et al. [33] ; anhydromacrosalhinemethine 15 by Gan [34a,c] and for the partial total synthesis of villalstonine 3a [33b,35] as well as of macrocarpamine 2a [34b,c]. The total synthesis of alkaloids 5a and 14 has been reviewed previously and will not be discussed here [20] .
Anhydromacrosalhine-methine 15, which is not a natural product, but considered as an important biogenetic intermediate for the synthesis of 2a, was synthesized enantiospecifically from D-(+)-tryptophan via 14. The reduction of 14 with NaBH 4 followed by dehydration of the allylic alcohol, so generated, furnished anhydromacrosalhine-methine 15 in 92% yield. The ajmaline related alkaloids, (-)-suaveoline 13a, (-)-N b -methyl suaveoline 13b, (-)-raumacline 16a and (-)-N b -methylraumacline 16b were synthesized by Fu [36] via the oxy-anion Cope rearrangement. This intramolecular rearrangement was employed to introduce the side chain at C (15) and generate the basic carbon skeleton of the ajmaline/sarpagine indole alkaloids. The total synthesis of these alkaloids has been reviewed earlier [20b] and will not be discussed here. However, the improved total synthesis of ajmaline 7, alkaloid G 37 and norsuaveoline 44, as well as the total synthesis of talpinine 52 and talcarpine 53, which were synthesized using a similar approach, will be described in the following sections.
Enantiospecific synthesis of the N a -H, N b -benzyl tetracyclic ketone
With the synthesis of the N a -methyl tetracyclic ketone 12 carried out on multihundred gram scale, attention now focused on the N a -H series of alkaloids, which represented about one-third of the isolated indole alkaloids [19]. Magnus prepared the N a -Bn, N b -benzyltetracyclic ketone and employed it in an elegant synthesis of koumine; however, the route to the ketone required 9 steps and was not diastereospecific (2:1 selectivity) [37] . Bailey later synthesized the same ketone with higher diastereoselectivity (4:1) but in lower overall yield [38] . Both routes required the later removal of the N a -benzyl protecting group with Na/NH 3 , reaction conditions that are not compatible with some indoles in the sarpagine series. . This route still remains as one of the best methods to generate multihunderd gram quantitites of both N a -H and N a -CH 3 tetracyclic ketone templates. Since this route does not require the protection of the N a -H function and the N a -methyl tetracyclic ketone 12, can be obtained by methylation of the trans diester obtained after the Pictet-Spengler reaction; fewer steps are required. In addition, the large scale N a -methylation in liquid ammonia previously required could also be avoided [28] .
Under the normal conditions of the aprotic Pictet-Spengler reaction (benzene/dioxane, Dean-Stark trap, reflux, 8h) [28] , employing N b -benzyl tryptophan methyl ester 18 (obtained from D-(+)-tryptophan by HCl/MeOH reflux, followed by N b -benzylation) and HOOCCH 2 CH 2 COCOOH (α-ketoglutaric acid), the ester acids were provided as a mixture of trans 19a and cis 19b (ratio = 4:1) diastereomers in 85% yield. This mixture was gradually converted into δ-lactams (20a,b) when the solution was heated at reflux for longer periods in the presence of a catalytic amount of p-TSA (48h). The formation of the δ-lactam has been reported previously [40] , but it was earlier obtained as a trace byproduct or as a component of a complex mixture. The δ-1actams 20a(trans) and
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Modified Pictet-Spengler reaction
In order to avoid the formation of the δ-lactams 20a,b, and thereby improve the diastereoselectivity of this sequence, the acid function of α−ketoglutaric acid required protection. Thus methyl-4,4-dimethoxy -butyrate [41] , which can be prepared on a kilogram scale, was employed for this reaction [42] . The Pictet-Spengler reaction was then carried out in one pot under the conditions of epimerization at C(1) to provide only the desired trans-diastereomer. As illustrated in Scheme 2, after N b -benzylation of 17 with benzaldehyde and sodium borohydride in methanol, trifluoroacetic acid (TFA) was added to the reaction vessel at 0°C to neutralize the reaction mixture. After removal of the solvent, CH 2 Cl 2 , TFA, and methyl-4,4-dimethoxybutyrate were added to the vessel at 0°C, and the modified Pictet-Spengler reaction was carried out in the same vessel at room temperature to provide the trans diester 21 in 83% overall yield [39].
In the second sequence, Dieckmann cyclization of 21 was effected by using a large excess of NaOMe and longer reaction times as compared to the N a -methyl series. Therefore, the two extra steps of protection and deprotection (employed earlier) could be avoided. After completion of the process, the reaction mixture was cooled to 0°C and carefully quenched with glacial acetic acid. After removal of the solvent, concentrated glacial acetic acid, aqueous hydrochloric acid, and water were added to the residue at 0°C and the acidic hydrolysis and decarboxylation was executed in the same vessel to provide ketone 22 in 85% overall yield.
Attempts to execute the direct N a -methylation of 22 were always accompanied with 5,8-dimethylation [43] . On the other hand, N a -methylation of the trans diester 21, took place in 95% yield to yield the diester 23 on multihundred gram scale. This diester could then be converted into the tetracyclic ketone 12, following the previous procedure [44] . Other recent routes toward the formation of the tetracyclic ketone 12, which deserve mention, include the synthesis of racemic 12 by Rassat [45a,b] , the aza Diels-Alder approach by Kuethe et al.
[45c] and the olefin metathesis process of Martin et al. [45d] .
Improved total synthesis of ajmaline, alkaloid G and norsuaveoline, as well as the total synthesis of talcarpine and talpinine
Three important reports on the synthesis of ajmaline 7 have appeared previously. The first was published by Masamune et al. in 1967 which employed a unique and an elegant approach; however this route was not enantiospecific, and the yields were not reported in some cases [46] . Two years later, Mashimo and Sato converted tryptophan into an intermediate employed by Masamune in the earlier synthesis of ajmaline in order to complete a formal total synthesis of this alkaloid [47] . In addition, van Tamelen in 1970 employed a new synthetic route in a biogenetic approach to ajmaline and synthesized deoxyajmaline [48] , which had been earlier converted into ajmaline by Hobson et al. [49] . by premixing the aldehyde 24 or 25 (individually) with, trans-1-bromo-2-pentene and then adding it to a solution of preformed barium metal at -78°C to provide the allylic alcohols 27 and 28, respectively in high yield in both the N a -H and N a -methyl series [50]; similar to a Barbier-Grignard process [52] . No allylic rearrangement of the barium stabilized carbanion was observed under these conditions. When the homoallylic alcohols 27 and 28 were heated (individually) to 100°C under the conditions of the oxy-anion Cope rearrangement (KH, 18crown-6, dioxane), the process took place from the α-face of the olefinic system to furnish the desired stereochemistry at C (15) and C(20) with high diastereoselectivity (>30:1). Only a trace of the epimeric diastereomer at C(15) was observed; moreover, the correct chirality of the ethyl function as 20(S) required for the ajmaline alkaloids was established. The two epimers 29a and 29b at C(16), as well as the N a -methyl analogs 30a and 30b originally isolated as a 4:1 mixture, could be converted entirely into 29a and 30a respectively, on addition of methanol to the reaction mixture after the completion of the oxy-anion Cope rearrangement. This sequence of reactions provided the first stereocontrolled entry into the more stable α-(R) configuration at C(16), which was present in the sarpagine series. As illustrated in the later sections, the intermediate 30a was employed for the total synthesis of talpinine 52 and talcarpine 53.
Although the oxyanion-Cope rearrangement provided the desired system for the macroline/sarpagine indole alkaloids with high diastereoselectivity, this rearrangement yielded only 20% of the correct stereochemistry at the critical aldehydic position at C(16) for the synthesis of the ajmaline indole alkaloids.
In order to increase the stereoselectivity of the β−aldehyde in the oxy-anion Cope rearrangement for the synthesis of ajmaline-related alkaloids, the original conditions of Fu [36] were employed. The chiral centers at C(15), C(16), and C(20) were established with a seven carbon-atom pseudosymmetric carbanion, followed by an oxy-anion Cope rearrangement. The chiral center at C(15) was established diastereoselectively while the chiral center at C(16) was obtained with 64% selectivity. However, this approach resulted in the formation of several diastereomers at C(20), the majority of which were employed in the synthesis of (+)-ajmaline 7, which was achieved in an overall yield of 6. Protection of the aldehydic group in 29b as the acetal 31 with ethylene glycol/p-TSA, followed by N a -methylation with NaH, CH 3 I at 0°C provided the N a -methyl derivative 32 in 94% yield. Oxidative removal of the methylene group of the latent aldehyde in 33 with OsO 4 /NaIO 4 furnished aldehyde 33 in 91% yield (see Scheme 6). This was followed by catalytic removal of the benzyl function (Pd/C, H 2 ) and acetylation of the carbinolamine which resulted in a one-pot process to provide acetate 34. the 2-epidiacetylajmaline 39 and diacetylajmaline 40 in a ratio of 3:2 in 89% yield. Hydrolysis of 40 with aqueous K 2 CO 3 in methanol furnished (+)-ajmaline 7 in 93% yield.
The olefinic bond in acetal 41 (obtained from 29a) was cleaved by OsO 4 /NaIO 4 to provide the acetal aldehyde 42 in 85% yield. Efforts to react 42 directly with hydroxylamine hydrochloride to provide the pyridine ring system of norsuaveoline were unsuccessful [44, 53] . Consequently, acidic hydrolysis of acetal 42 by heating in p-TSA/acetone for 2 days followed by heating the residue with hydroxylamine hydrochloride in ethanol, furnished the N b -benzyl norsuaveoline 43 in 88% yield in a one-pot process. The N b -benzyl group of 43 was removed by catalytic hydrogenation (Pd/C/H 2 ) to provide norsuaveoline 44 in 92% yield, in an overall yield of 28% [50].
Total synthesis of talcarpine and talpinine
The aldehydic olefin 29a could be regiospecifically N a -methylated in 95% yield to provide 45, which was then reduced with sodium borohydride in 96% yield to furnish alcohol 46. As illustrated in Scheme 9, treatment of the olefin 46 with a premixed solution of OsO 4 -pyridine [36b,39] in THF at 0°C for 8h, followed by further treatment with NaIO 4 , effected the oxidative cleavage of the olefinic unit (latentaldehyde) followed by cyclization to give the hemiacetal 47. This hemiacetal 47 was then converted into the enol ether 48 on dehydration with p-TSA [57] in refluxing benzene. The regiospecific oxyselenation of the olefin 48 was carried out with N-phenylselenophthalimide [58] at 0°C in the presence of p-TSA, followed by treatment with NaIO 4 in THF-MeOH-H 2 O solution at 0°C for 10 hours without separation to afford 49a,b in 90% yield. The desired isomer predominated in a ratio of 4:1.
Acid-catalyzed [57, 59] hydrolysis of 49a followed by the Michael addition of the C(17) hydroxyl group to the α, β-unsaturated aldehyde, so generated, provided a mixture of N b -benzyl secotalpinine 50 and N b -benzyltalcarpine 51 in a ratio of 3:5 in 90% yield. Separation of 50 from the mixture by flash chromatography followed by pyrolysis [59] provided the aldehyde 51. Conversely, the mixture of 50 and 51 could be converted completely into the secotalpinine 50 on stirring in ethanol in the presence of K 2 CO 3 [57, 59] . 
Improved total synthesis of alstonerine and anhydromacrosalhine-methine, as well as an improved partial total synthesis of macrocarpamine
As illustrated in Scheme 11, hydroboration of the mixture of olefins represented by 49a,b with the BH 3 ⋅THF complex in THF at 0°C for 14 hours provided a diastereomeric mixture of alcohols 54a,b, which when subjected to the modified conditions of Swern oxidation [61] , provided the ketoacetal 55 in 80% yield. This was followed by base-mediated elimination of the elements of methanol to generate the N b -benzyl alstonerine 56 in 90% yield. The N b -benzyl/N b -methyl transfer reaction of 56 provided alstonerine 14 in 90% yield. This sequence led to an improved total synthesis of alstonerine 14 in 14 reaction vessels in 12% overall yield [39b] . olefins 49a,b to an acid-mediated elimination sequence. N b -benzylanhydromacrosalhine-methine 57 was thus obtained from 49a,b in 93% yield. However the N b -benzyl/N b -methyl transfer reaction [36] of 57 took place but was accompanied by reduction of the terminal olefin to furnish 58. In order to avoid the undesired reduction of the terminal olefin in 57, the transfer reaction was implemented at an earlier stage.
As illustrated in Scheme 12, the N b -benzyl/N b -methyl transfer reaction readily took place with the N bbenzyl enol ether 48 to provide N b -methyl enol ether 58 in 90% yield. This material was converted into anhydromacrosalhine-methine 15 via the intermediate 59 available from selenoxide formation and elimination with N-phenylselenophthalimide, in high yield by following the procedure developed earlier [34c]. An improved synthesis of 15 was thus achieved in 12 vessels in 14% overall yield, which also led to an improved partial total synthesis of (-)-macrocarpamine 2a [39b]. synthesized the enantiomer of (-)-koumidine. However, establishment of the double bond (Z:E = 1:5.7) was not stereospecific [37] . Martin reported the total synthesis of geissoschizine with stereoselective establishment of the double bond by an elimination process [63] . Furthermore Rawal and Bosch reported the total synthesis of Strychnos alkaloids with stereocontrolled establishment of the double bond by a Heck coupling reaction [64] .
Entry into the sarpagine skeleton

Total synthesis of (+)-vellosimine
In 2000 . It is well known that hydroboration of a trisubstituted olefin is usually highly regioselective (>97%) [75] to provide the secondary alcohols in high yield. Based on these results, it was felt the N b -borane complex functioned as an electron withdrawing group, which in turn altered the electronic character of the olefin. Due to this, the polarity of the partial charges which developed in the transition state were altered, thereby leading to attack at the olefinic carbon at C(20).
After executing various reaction conditions, which involved the use of hindered boranes and a change of the reaction temperature as well as the use of a bulkier TIPS protecting group, the desired secondary alcohols could be prepared (the TIPS group was employed because it was found to be more stable and bulkier than the TBDMS). As illustrated in Scheme 17, the TIPS group was used to protect the alcohol 75' to provide the ether 80' in 90% yield. Hydroboration of olefin 80' under the modified conditions with 9 equivalents of BH 3 /DMS at room temperature provided the desired secondary alcohols 81a' and 81b' in 80% yield after oxidative workup [74a,76] .
Swern oxidation of this mixture of secondary alcohols furnished the ketones 82a',b' in 85% yield. This mixture of ketones was heated in THF in the presence of 1.5 equivalents of HCl (1N aqueous) for 3 hours, after which ketone 83', which was devoid of the boron species, was obtained in 90% yield.
The methylation of 83' with methyl iodide gave the N b -methiodide salt which was subjected to the modified conditions for ring cleavage (t-BuOK in refluxing THF/EtOH [6:1]) to provide the enantiomer 84' of the macroline equivalent. Deprotection of the TIPS group in 84' with TBAF in THF afforded the enantiomer 5a' of macroline in 86% yield [76] . Trinervine 87, which retained the basic sarpagine skeleton, and contained a unique hemiketal ring formed between the C(17)-OH group and the ketone at C(19) was synthesized from intermediate 85 on stirring it with 10 equivalents of 1 N aqueous HCl in refluxing THF (80% yield). The acidic conditions at reflux released the free amine, cleaved the TIPS group, as well as catalyzed the hemiketal formation. The total synthesis of trinervine 87 was, therefore, completed in enantiospecific fashion in an overall yield of 20% (from the ketone 22) in 10 reaction vessels [76] (see Scheme 18).
Bisindole alkaloids
As described earlier, bisindoles comprise a major portion of the macroline/sarpagine class of indole alkaloids. Many of these alkaloids are composed of two units directly related to macroline 5a, while others originate from the condensation of macroline with other monoterpene alkaloids. The biomimetic coupling of macroline 5a with pleiocarpamine 88, quebrachidine 11, alstophylline 89, and alkaloid to C(21) of the α,β-unsaturated enone moiety of (+)-macroline 5a [15] [16] [17] [18] ; which has been discussed in detail in the previous reviews [20] .
The biological activity of some of these alkaloids has been evaluated to some extent; however, there are a number of other bisindoles in this series which have not been evaluated for their biological activity due to the paucity of isolable material. In order to approach this problem, a doubly convergent route capable of scaleup, which would provide either enantiomer at will, was desired in order to generate gram quantities of the monomeric indoles. These monomers could then be coupled with other monomers or their enantiomers, or could be mismatched to provide a library of bisindoles for biological screening. The completion of the total synthesis of both (+)-macroline 5a as well as its antipode 5a', is the first step toward achieving this goal.
The syntheses of ring-A oxygenated indole alkaloids are rare in comparison to the synthesis of the unsubstituted (parent) bases, which stems from the difficulty in incorporation of the oxygen functionality into ring-A during the latter stages of the synthetic sequence [77] . Therefore, a synthetic route to such alkaloids would require reaction conditions compatible with these electron-rich systems and installation of the oxygen functionality early in the route. These alkoxy substituted indole alkaloids could, presumably, be synthesized from optically active ring-A oxygenated tryptophans via the asymmetric Pictet-Spengler reaction, in similar fashion to the parent series. Any route developed to provide these important building blocks must be capable of scale up and ease of preparation. 
Entry into 4, 5, 6 and 7-methoxy D-tryptophans
A few of the current methods to synthesize optically active tryptophan derivatives include synthesis and subsequent resolution of the racemic compounds [78] , transformation of a readily available optically active amino acid into tryptophan derivatives [79], or the synthesis of the indole precursor followed by reaction with the Schöllkopf chiral auxiliary [80].
In 1992, Allen et al. reported a method for the synthesis of 1-(benzenesulfonyl)-6-methoxy-D-(-)tryptophan ethyl ester which employed the Moody azide pyrolysis and this was followed by formylation under Vilsmeier-Haack conditions as the key steps. This approach, however, required the potential storage of gram quantities of hazardous azidocinnamate intermediates and thus was not easy to scale up [81] . Zhang et al. later developed a method for the synthesis of optically active 5-methoxy-L-(-) or D-(+)-tryptophan via a regiospecific allylic bromination [82] . However, these methods suffer from length of steps involved and are difficult to scale up. It was thus necessary to develop a convergent route to tryptophan derivatives that was efficient and versatile (in terms of substitution pattern in ring-A), as well as capable of scale-up to the multihundred gram level. 
Palladium catalyzed heteroannulation reaction
Synthesis of 6 and 7-methoxy D-tryptophan ethyl esters
With the internal alkyne 101a and the methoxy substituted o-iodoanilines 105c and 105d in hand, the palladium catalyzed heteroannulations were carried out in the presence of 1-2 mol% of Pd(OAc) 2 When the TES-substituted alkyne 101a and the Bocprotected aniline 104a were subjected to the same conditions, the yield of indole 112b decreased to 70%. Based on the mechanism proposed by Larock and Yum [83b], it is believed in the improved route to 112d the TMS group was bulky enough to promote the regioselectivity, as well as coordinate to the palladium more rapidly than the corresponding TES analogue. In addition, the Boc-protected iodoaniline presumably, increased the reaction rate by accelerating the oxidative addition of Pd(0) to the aryl iodide. These factors, taken together, gave 112d in regiospecific fashion.
Synthesis of 4-methoxy D-tryptophan ethyl ester
Synthesis of 5-methoxy-D-tryptophan ethyl ester
Initial attempts to synthesize the 5-methoxy tryptophans 121/123 by the Larock heteroannulation on large scale produced lower yields in comparison to the 4-, 6-and 7-methoxy cases [91] . Therefore, the original regiospecific bromination, was utilized to generate the 5-methoxy tryptophan ethyl esters 121/123 [82, 94] . two steps from p-anisidine 115 [92] . Boc protection of the N a -H function was followed by allylic bromination of the 3-methyl indole to furnish the bromide 119 in 93% yield. Alkylation of this bromide with the anion of the Schöllkopf chiral auxiliary 97, was followed by removal of the Boc protecting group, and hydrolysis under aqueous acidic conditions to provide the desired optically active 5-methoxy-N a -H-D-tryptophan ethyl ester 121.
The N a -methylation of indole 120 could be carried out in one pot accompanied by removal of the Boc group. This was followed by hydrolysis to give the N a -methyl-D-tryptophan ethyl ester 123 in excellent yield [82, 93, 94] .
Synthesis of ring A-oxygenated tetracyclic ketones
Analogous to the parent system, the synthesis of methoxy substituted tetracyclic ketones began with the corresponding methoxy substituted D-tryptophans 111c,d, 110d and 123. However, due to the electron rich character of ring-A alkoxylated indoles, the indole moiety was not stable under strongly acidic conditions, and very low yields were obtained in the Pictet-Spengler reaction with TFA/CH 2 Cl 2 . Consequently, modifications were made to the earlier conditions to carry out the Pictet-Spengler cyclization and the decarboxylation reaction to achieve optimum yields and very high diastereoselectivity.
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Stereospecific synthesis of ring-A oxygenated indole alkaloids
The Conversion of the tetracyclic ketones 126a-d into the corresponding pentacyclic ketones 127a-d followed the same procedure as outlined for the parent system (see Schemes 13 and 14) . Catalytic debenzylation of 126a-d, followed by N b -alkylation and the enolate mediated palladium catalyzed cross coupling reaction furnished the cyclized pentacyclic ketones 127a-d [89, 93, 95] . The conversions of these pentacyclic ketones into various ring A-oxygenated natural products in a highly steroselective fashion is described in the following sections. Illustrated in Scheme 27 is a general approach toward the total synthesis of these ring A-oxygenated indole alkaloids. The total synthesis of aldehydes 128a-c began by a Wittig reaction of 127a-c, which was followed by hydrolysis. Reduction of the aldehyde function with NaBH 4 /EtOH provided the affinisine analogs 129a-c in 95% yield. Majvinine 128a was treated with BBr 3 in CH 2 Cl 2 at -78°C, and this was followed by reduction of the aldehyde with NaBH 4 in EtOH to furnish N a -methylsarpagine 90 in 90% yield. The total synthesis of (-)-fuchsiaefoline 131 was achieved in two steps from 128c. Oxidation of the aldehydic group in 128c into the ethyl ester with I 2 and KOH in EtOH [73] , was followed by subsequent quarternization with methyl iodide to provide the N b -methiodide salt. This was then converted into the chloride on treatment with AgCl in EtOH to give 131 in 81% yield [89] .
The synthesis of 11-methoxymacroline 134 and alstophylline 89 began with 11-methoxyaffinisine 129b and followed the same sequence of steps (see Schemes 17 and 18) as outlined for the synthesis of the N a -H macroline analog 5b and trinervine 87 [95] . The 11-methoxyaffinisine 129b could be converted into the secondary alcohols by carrying out a regiospecific hydroboration-oxidation on the olefinic bond of the TIPS protected alcohol, followed by a modified Swern oxidation of the secondary alcohols to provide the intermediate ketones 132a,b respectively. Conversion of 132a,b into the 11-methoxy N a -methyl analog of trinervine 133 and 11-methoxymacroline 134 was achieved following the reaction conditions employed earlier (see Scheme 18) . Both 133 and 134 could be converted into a mixture of dihydroalstophyllines 135a,b which were then converted into alstophylline 89 by treating with the IBX reagent of Nicolaou [96] . However, because of A-strain in the intermediate 135a,b, the yield of 89 was extremely low from this oxidative transformation. The improvement in this yield will be discussed shortly. Gratifyingly, 136a-c were obtained as the only detectable diastereomers (individually), after the hydroboration-oxidation sequence with the hindered diisoamylborane or 9-BBN. This oxidation completed the total synthesis of (+)-(E)16-epinormacusine B 136a, (-)-(E)16-epiaffinisine 136b and (-)-gardnerine 136c in 26%, 25% and 20% overall yields, respectively (from the respective tryptophan alkyl esters). Oxidative cyclization of 136a-c effected by DDQ in THF [54, 55] provided the ethers 137a-c and consequently completed the first total synthesis of (+)-dehydro-16-epinormacusine 137a, (+)-dehydro-16-epiaffinisine 137b and gardnutine 137c in 25%, 24% and 18% overall yields, respectively [97]. To achieve the total synthesis of 16-epi-vellosimine 8, various oxidative conditions were attempted to provide the less stable β-axial aldehyde present in 8. A modified Corey-Kim oxidation of 136a however furnished the desired aldehyde 8 in 90% yield [98].
The akuammidine alkaloids 139a', 139b' and 140a-c illustrated in Figure 8 contain the basic sarpagine stereochemistry and an exo-methyl ester function at C16(S), with the less stable β-axial stereochemistry. The regiospecific hydroboration (as shown in the previous section) and lactone formation between the C(6)and C(17) carbon atoms were key to the formation of the β-axial ester.
The pentacyclic ketone 71' (obtained from Ltryptophan) could be converted into the enantiomer 136b' of (E)16-epiaffinisine by carrying out the hydroboration-oxidation sequence of the C(16)-C(17) olefin, as illustratred in Scheme 31. Attempts to oxidize this exo-alcohol with Dess-Martin periodinate, IBX, PDC, Swern oxidation and benzeneseleninic anhydride were met with failure. However, it was found that under modified conditions of a TPAP oxidation, the desired less stable exo aldehyde 141 was obtained as the exclusive product in 82% yield. Conversion of this aldehye 141 directly into the ester function resulted in either decomposition of the starting material or epimerization of the aldehyde or ester to the more stable α-equatorial stereochemistry. In order to prevent this, the aldehyde function in 141 was attached to C(6) via a DDQ mediated oxidative cyclization [55, 56] , to provide the lactol 142. This lactol was then oxidized to a lactone 143 by benzeneselenic anhydride without affecting the ether linkage.
The novel acid catalyzed reductive ring opening of lactone 143 by TFA/Et 3 SiH led to the formation of the exo-acid without epimerization. TFA/Et 3 SiH has been earlier employed for the reduction of the carbonyl group [99] and the olefinic bond of an α, β-unsaturated ketones [100] . Methylation of the acid function with diazomethane completed the total synthesis of the enantiomer of N a -methylpericyclivine 139a'. In the natural methoxy series, 127a was converted into 10-methoxy-N a -methylpericyclivine 140a by employing the same strategy as in the parent system. Demethylation of the methoxy group in 140a with BBr 3 furnished the N a -methyl-10-hydroxypericyclivine 140b in 82% yield [see 101 and references contained therein].
Total synthesis of C-quaternary alkaloids
The formation of the prochiral quaternary center at C(16) in the sarpagine related alkaloids described below was realized via a Tollens reaction which was a key process for the efficient synthesis of these 
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A Tollens reaction was then employed to establish the quaternary center. It was found that stirring the aldehyde in 37% aqueous formaldehyde (25 equivalents) and 2N KOH (10 equivalents) in methanol at room temperature for 10 hours, gave optimum yields of the desired diol. The vellosimine equivalents 72 and 128b,c could thus be converted (individually) into the respective diols 144a-c by utilizing the optimized reaction conditions. The two prochiral functions in 144a and 144c were differentiated by the DDQ-mediated oxidative cyclization (DDQ) of the hydroxyl group located at the β-axial position of C(17) with the benzylic position at C(6). This gave the desired cyclic ethers 145a and 145c (see Scheme 32) .
The hydroxymethyl moiety of 145a,c was resistant to oxidation to the aldehyde by a variety of reagents under various conditions. Successful oxidation (individually) was achieved with (PhSeO) 2 O/PhCl/ 115°C/30 minutes to provide the respective aldehydes which were further oxidized with KOH/I 2 /MeOH to the methyl esters 146a, and 146c.
This completed the total synthesis of (+)dehydrovoachalotine 146a in 28% overall yield from D-(+)-tryptophan [103] . Selective oxidation of the The synthesis of the enantiomer of (-)-N amethylakuammidine 139b' began with the intermediate 72' which was subjected to a Tollens reaction and this was followed by oxidation of the β-axial alcohol to furnish the aldehyde 147a'. Oxidation of this aldehyde to the corresponding acid or the ester function, under various conditions, was unsuccessful and hence the alcohol moiety was then protected as the acetate 155 followed by DDQmediated oxidative cyclization of 155 to form the lactol 156. This lactol was then converted into the ester 158 via Et 3 SiH mediated ring opening of the lactone 157, followed by esterification of the acid, so generated. Hydrolysis of the acetate function in 158 with 20% aqueous K 2 CO 3 in MeOH furnished the enantiomer 139b' of N a -methylakuammidine in 12% overall yield from L-(-)-tyrptophan methyl ester [101] . In the natural methoxy series, 128a was converted into 10-methoxy-N a -methylakuammidine 140c by employing the same strategy as in the parent system [101] . 
Total synthesis of sarpagine related ajmaline alkaloids vincamajinine, 11-methoxy-17epivincamajine, quebrachidine diol, vincamajine diol and vincarine
Total synthesis of 6-oxoalstophylline as well as the improved total synthesis of alstonerine, alstophylline and the bisindole alkaloid macralstonine
Although the total synthesis of (-)-alstonerine 14 [32] , the enantiomer of macroline 5a' [33,74] and alstophylline 89 [95] . The 11-methoxy substituted enones 134 and 175 could be converted into alstophylline 89 and 6-oxoalstophylline 176 in 55% and 57% yield, respectively, under the optimized conditions [107] . This constitutes a much improved route to 14 as well as to the bisindole macralstonine 1a.
Improved total synthesis of koumidine, alstonerine and an improved total synthesis of talcarpine and anhydromacrosalhine-methine
In 2003, Cao et al. synthesized (-)-koumidine 181 from D-(+)-tryptophan methyl ester 17 in seven reaction vessels in an overall yield of 21%. The enolate mediated palladium cross coupling reaction was extended to the case of E-iodo-2-butene; however, it required replacement of triphenyl phosphine with tricyclohexylphosphine as the ligand to achieve 62% yield of the desired product. The major side product from this process was the dealkylated tetracyclic ketone 60 [110] . In an effort to decrease the amount of phosphine ligand employed for the cross coupling process the Buchwald-Hartwig α−arylation [111] conditions were studied. It was felt use of Xantphos, a bidentate ligand with a large bite angle, a stronger base such as NaO-t-Bu and Pd(dba) 2 as the catalyst might provide intramolecular α-vinylation. The presence of a stronger base and bulkier ligand should promote faster oxidative addition as well as reductive elimination, thereby Scheme 41: Reagents and conditions: (a) NaBH 4 , EtOH, 0°C, 90%; (b) TIPSOTf, 2,6-lutidine, CH 2 Cl 2 , 0°C, 90%; (c) BH 3 ·DMS (9 equiv.), THF, rt; NaOH/ H 2 O 2 , rt, 2h; (d) HOAc (2 equiv.), THF, reflux (85%, 2steps); (e) DMP (2 equiv.), CH 2 Cl 2 , 0°C, 82%; (f) MeI, THF; t-BuOK, EtOH, THF, reflux, 90%; (g) TBAF, THF, 86%.
Optimization of this step was done by changing various parameters. The best yield (80%) of the pentacyclic ketone 71 was obtained when 2.4mol% of DPEphos, (which is cheaper and has a similar bite angle as Xantphos), 1.5 equivalents of NaO-t-Bu and 2 mol% of Pd(dba) 2 , were added to iodoolefin 177 in refluxing dry THF (see Scheme 40).
Encouraged by these results, the modified coupling reaction conditions were applied to the iodoolefin 178 (which was obtained by N b -alkylation of 60 with E-1-bromo-2-iodo-2-butene). The desired pentacyclic ketone 179 was now obtained in 82% yield. The ketone 179 could be converted into (-)-koumidine 181, following the earlier procedure of Cao et al. [110] (see Scheme 40). The improved α-vinylation conditions were also important for other substrates because they permitted lower catalyst loading, easier removal of the phosphine ligand and homogeneous reaction conditions which permitted scale up [112] .
This approach also resulted in a much improved total synthesis of macroline 5a and alstonerine 14 as illustrated in Scheme 41. Previous to this, the same sequence of steps was carried out as depicted in Scheme 17, albeit under modified reaction conditions. The N a -methylvellosimine 72 was converted into affinisine 75 by NaBH 4 /EtOH reduction in 90% yield. Protection of the OH group was carried out using TIPSOTf/2,6-lutidine in CH 2 Cl 2 to provide the ether 80. Hydroboration followed by oxidation provided the secondary alcohols 81a,b. The N b -BH 3 Because of the inconsistent results obtained in the Swern oxidation of the secondary alcohols 182a,b [112] , Dess Martin oxidation was employed to furnish the desired ketone 83 in 82% yield. Treatment with methyl iodide in THF provided the quaternary salt, which underwent a retro-Michael reaction to provide the macroline equivalent 84 in 20.4% overall yield from tryptophan methyl ester. Deprotection of the TIPS group with TBAF monohydrate, provided 5a in 86% yield. The macroline equivalent 84 was then converted into alstonerine 14, as shown in Scheme 39 via the Tsuji-Wacker oxidation. The alkaloid 14 could be further converted into anhydromacrosalhine-methine 15 and talcarpine 53, following the earlier work of LeQuesne, Yu and Gan et al. [16b, 34, 39b ]. This constitutes a much improved route to 15 (via 14) and an improved route to the bisindole macrocarpamine 2a.
Progress towards the core structure of neosarpagine
Neosarpagine [113] contains the basic sarpagine skeleton except for the presence of a terminal olefin at C(20). To date, the stereochemistry at this ethylidene function remains unknown. A much shorter route to macroline related alkaloids could be envisaged to arise from the core structure 188 by scission of the N b -C(20) bond by a Hoffman elimination process. With these goals in mind, a novel palladium catalyzed domino sequence to construct the quinuclidine core structure of neosarpagine was developed by Liao et al. [114] .
The synthesis began with the β-ketoester 183 readily available from tryptophan methyl ester 17 on 300 gram scale, as described earlier. Catalytic debenzylation of 183 provided the free amine 184. Sequential allylic amination, of 184 with the bisacetate 185 followed by alkylation, under the original conditions of Tietze [115] provided the desired olefin 187 via formation of the allylic alcohol 186 in 60% yield. After various optimization experiments it was found use of a more hindered base (DIPEA) in a less polar solvent (THF), followed by addition of the additive Et 3 B (in order to coordinate with the alcohol and thereby promote the desired C-alkylation) as well as continued stirring at 80°C for 6 hours increased the yield of the desired product 187 to 85% [114] . The structure of olefin 187 was confirmed by X-ray crystallography, which confirmed the stereochemistry at C(20). The intermediate 187 could be converted into the key intermediate 188 by hydrolysis followed by decarboxylation [116] . Moreover olefin 188 could be converted into N a -methyl isokoumidine based on the work of Liu et al. [116] . Further investigation is required to make this domino sequence of general applicability in alkaloid total synthesis.
Summary
The macroline/sarpagine alkaloids are related structurally to the ajmaline class of bases. This biogenetic relationship has been successfully reinforced by a general, enantiospecific synthetic route, which employs both D-(+)-tryptophan as well as L-(-)tryptophan as the chiral auxiliary and the starting materials. The utility of this enantiospecific sequence rests on the fact that both the N a -methyl as well as the N a -H tetracyclic ketones (12 and 22) can be synthesized on multihundred gram scale without tedious purifications. These key templates (12 and 22) are available via an asymmetric Pictet-Spengler reaction and Dieckmann cyclization. The palladiummediated enolate driven cross coupling reaction and the Buchwald-Hartwig α-vinylation reaction remain key steps in this approach. The Tollen's reaction is also simple and very useful in this work.
The large scale synthesis of 4, 5, 6 and 7-methoxy tryptophan alkyl esters has provided entry into various alkoxy substituted indole alkaloids, many of which are known to possess biological activity and
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Natural Product Communications Vol. 3 (11) 2008 1865 comprise one unit of various bisindoles. The improvement in this general approach has now made it possible to generate gram quantities of the momomeric alkaloids which can be employed for the synthesis of various bisindoles, some of which exhibit important antimalarial activity. Further work directed towards the synthesis of more complex molecules in these series will be reported in due course.
